A delignification pretreatment of raw materials for paper and pulp industry is important as traditional chemical degradation is hazardous to health and the environment. The aim of the present study was to identify potential laccase producing fungi with special attention on their feasibility for the degradation of lignin of Bambusa nutans. Among 155 fungal isolates from bamboo stacking area of a paper mill, Inonotus pachyphloeus JP-1, characterized by morphological and internal transcribed spacer sequence analysis was found to have best potential for it. Laccase enzyme activity of the isolate JP-1 was studied for 72-288 h, and the highest activity of 666.8 nkat/ml was recorded at 144 h using 1 mM of CuSO 4 as an inducer. B. nutans samples pretreated with the isolate recorded higher lignin degradation (45.80%) with minimum loss of cellulose content (2.24%) after 30 days of treatment. Furthermore, scanning electron microscopy, X-ray diffractometery and fourier transform infrared spectra of untreated and treated samples confirmed the effect of pretreatment on the cellular structure of B. nutans. This is the first report on I. pachyphloeus as a potent lignin degrader which can be further exploited for the development of clean technologies for paper and pulp industries.
Introduction
Bamboo is one of the most potential non-woody fibrous raw material widely used in paper and pulp industry of Asia. Considering the uniform fiber quality and higher cellulosic content, bamboo is used for making versatile paper products. But it also contains a higher quantity of lignin (~ 29-30%) which is not desirable for paper making. Therefore, removal of lignin is one of the key steps for manufacturing of highvalue paper which is generally carried out by various physical and chemical processes, affecting health and environment to a greater extent (Chandra and Singh 2012) .
In recent years, investigations in respect to substitution of the chemical method of pulping by the biological process are going throughout the world to reduce the pollution load of the pulp and paper industry. Biochemical process using potential lignolytic microbes can play an important role in this regard. Some of the basidiomycetes groups of fungi are capable to degrade lignin efficiently by secreting enzymes, collectively termed as ligninases. Among various lignin degrading enzymes, extra-cellular phenol oxidase (laccase) are attaining popularity due to their broad substrate specificity and environmental friendliness (Pandiyan et al. 2014; Datta et al. 2017) . Lacasse catalyzes the oxidation of lignin to phenolic compounds by reducing molecular oxygen to water (Mani et al. 2018) . Previous studies have reported that fungal laccases have higher redox potential than bacterial or plant laccases (up to + 800 mV), and their action seems to be relevant in nature for degradation of lignin or in the removal of potentially toxic phenols arising during lignin degradation. Laccases from Trametes versicolor and Pycnoporus cinnabarius participate in lignin bio-degradation by oxidizing the phenolic subunit (Hilgers et al. 2018; Ling et al. 2015) .
White-rot fungi such as Ceriporiopsis subvermispora, Phellinus pini, Phlebia spp. and Pleurotus spp. preferentially attack lignin more readily than hemicellulose and cellulose (Wong 2009; Ahmed et al. 2013) . Certain other microbial systems such as Schizophyllum spp., Peniophora 1 3 spp. are also reported for delignification of different biomasses (Shankar and Shikha 2012; Kumar et al. 2015) . Biological pretreatment of lignocellulosic material with lignin degrading enzymes from white rot fungi appears to save energy, improves paper strength and reduce the chemical consumption in subsequent processes (Ferraz et al. 2008; Tian et al. 2012) . Among different white rot fungi, Inonotus hispidus and Inonotus rickii have been reported for selective delignification of wood (Robles et al. 2014) . Attempts were also made for the use of consortium of microbes for effective plant biomass degradation, but the disadvantage of using this strategy is that many co-occurring opportunistic microbes may degrade the monosaccharides of the plant biomass along with lignin (Jimenez et al. 2016) .
In this context, pretreatment of plant biomass with efficient microbes having the potential to produce a higher amount of lignin degrading enzymes can be used as an alternative strategy, however, not much information is available in this aspect. Considering it, our efforts were directed towards identifying dominant microbe having the potential to produce a higher amount of laccase and further study its capacity for degradation of lignin from bamboo, one of the important raw material for paper and pulp industry under the climatic conditions of Jorhat, India. I. pachyphloeus, a class of basidiomycetes identified for higher laccase production was selected for the study since to best of our knowledge no study has been carried out with this species particularly on delignification of lignocellulosic material.
Materials and methods

Isolation of fungi
A total of 4 kg decayed samples of Bambusa nutans were collected from different bamboo stacking areas of Jagiroad Paper Mill, Morigaon, India located at 26.26°N latitude, 92.30°E longitude and altitude of 60 m from mean sea level. Fungi were isolated using a tenfold serial dilution-plating technique on potato dextrose agar (PDA) plates containing 30 μg of chloramphenicol. Plates were incubated at 28 ± 2 °C for 72 h. The pure cultures were maintained on malt extract slants and stored at 4 °C.
Screening test for laccase and cellulase enzymes
The ability of fungal isolates to secrete extracellular laccase was visualized according to the method of Kiiskinen et al. (2004) . The assay plates contained 15 ml of 4% potato dextrose agar amended with 0.01% of guaiacol. The plates were incubated at 28 °C for 4-6 days. The presence of brick red color around the mycelium was considered as guaiacol oxidizing laccase secreting organism.
The positive isolates were further screened for cellulase activity using nutrient salt media with 0.5% carboxymethyl cellulose (CMC) as a substrate. Strains were inoculated in this media at 28 °C for 4 days and their activity was checked by flooding with Gram's iodine for 5-10 min (Kasana et al. 2008) . Cultures showing clear zone were considered as cellulase positive.
Laccase enzyme assay
The selected positive fungal isolate for laccase enzyme was subjected to quantitative determination of laccase production using 2,2-azino-bis (3-ethylben-zothiazoline-6-sulfonic acid) (ABTS) in 0.1 M citrate/0.2 M phosphate buffer of pH 5.0 (Niku-Paavola et al. 1990 ).
Effect of copper as inducer on laccase enzyme activity was also studied by using 1 mM of copper sulfate in the above mentioned laccase specific media and enzyme activity was determined at 72 h interval for 288 h.
Identification of fungal isolate by morphological and internal transcribed spacer DNA sequencing
For the morphological study, fungal culture was grown in malt extract media at 28 °C for 6 days and then observed under the microscope (100 ×) by using lactophenol blue as staining dye.
For molecular identification, genomic DNA was extracted from the fungal isolate using a DNeasy Plant mini kit (50) (Quaizen). The ITS1, 5.8S rDNA, ITS2, 28S rDNA were amplified using primers ITS1 (5′ TCC GTA GGT GAA CCT GCG G3′) as a forward primer and ITS2 (5′TCC TCC GCT TAT TGA TAT GC3′) as a reverse primer (White et al. 1990) . Polymerase chain reaction (PCR) amplification was performed in a total volume of 25 μl containing 10 × Taq buffer, 2 mM MgCl 2 , 0.4 mM dNTP mix, 2 U Taq DNA polymerase, 1 μl of each primer (10 pmol/μl) and 2 μl of genomic DNA. PCRs were run on a Master cycler gradient system (Eppendorf, Hamburg, Germany) with an initial cycle of denaturation (3 min at 94 °C) followed by 30 cycles with denaturation (30 s at 94 °C), annealing (30 s at 58 °C), extension (2 min at 72 °C), and by a final extension (10 min at 72 °C) (Romanelli et al. 2010) .
Sequencing and phylogenetic analysis
Sequencing of the PCR products was carried out by Size Genome Pvt. Ltd. (Bengaluru, India) on an ABI Prism 3100-Avant Genetic Analyzer (USA). The partial sequence was subjected to BLAST analysis for homology searching (http://www.ncbi.htm.nih.gov/BLAST ). The relative sequences from BLAST results were aligned with Clustal X1.8 (Thompson et al. 1997 ) and further a phylogenetic tree was constructed using MEGA5 software.
Sampling of bamboo for microbial treatment
Bamboo samples were collected from the experimental farm of CSIR-NEIST, Jorhat India and cut into the strip of the sizes 30 cm × 5 cm. The cut samples were subjected to sterilization at 121 °C for 15 min. Microbial broth (100 ml) of the strain JP-1 was prepared in malt extract (pH 6.05) and incubated at 28 °C for 72 h at 180 rpm. Strip samples were taken in a plastic tray of 30 × 60 cm size and sprayed with 100 ml of broth containing 40 mg of blended mycelium. Cultures were maintained at 28-37 °C with relative humidity 80-90% for periods of 15, 30, and 45 days. Sterilized water (50 ml) was sprayed at every 7 days interval to maintain the growth of the culture in bamboo samples. A set of noninoculated sterilized bamboo samples were taken as control.
Cellulose and lignin content
Samples were washed with distilled water, air dried and converted to powder form using a Wiley mill. The powdered samples were screened by passing through 40 B.S.S mesh and 60 B.S.S mesh. Samples retained on 60 B.S.S mesh were taken for alcohol benzene extraction for 5-6 h. Further, those extracted samples were used for determination of cellulose content by anthrone test method (Ververis et al. 2004 ) and lignin content by adopting Technical Association of the Pulp and Paper Industry (TAPPI) test method (T222 om-88) (Schoening and Johansson 1965). For both lignin and cellulose content, three independent replicates were taken for analysis.
Tensile strength determination
The tensile strength of the untreated and microbial treated bamboo strip samples was determined by using universal testing machine (UTM) model (TUTE10T) (Adedipe et al. 2013) . For determination of tensile strength, three independent replicates were considered.
Fourier transform infrared spectroscopy
Infra-red (IR) spectra (4000-400 cm −1 ) of powdered bamboo samples of diameter 5 mm (Both treated and control) were recorded on KBr discs in a Shimadzu IR Affinity-1 spectrophotometer (Saikia et al. 2015) .
X-ray diffraction chromatography
Powder X-ray diffraction was acquired on a Rigaku Ultima IV X-ray diffractometer from 2° to 80° 2θ using CuKα source (λ = 1.54 Å). The crystallinity index (CI) was calculated using the formula as follows (Lionetto et al. 2012): where I 002 is the intensity of the crystalline peak at the maximum at 2θ between 22° and 23° for cellulose I (between 18° and 22° for cellulose II), I am is the intensity at the minimum at 2θ between 18° and 19° for cellulose I (between 13° and 5° for cellulose II) for the pulp samples under study.
Scanning electron microscopic analysis
Untreated and treated bamboo samples were cut into small pieces (8 × 8 mm) with the help of a sharp knife and mounted on specimen holders with the help of electroconductive tape. The samples were coated with gold in an ion sputter coater (JFC 100, JEOL, Japan) in a low vacuum with a layer 150-200 nm thick. The observation was made by a JEOL, JSM-35 M-35CF electron microscope at an accelerating potential of 15 kV. Micrographs were taken at this potential (Kala and Kavitha 2016) .
Statistical analysis
All the treatments were recorded for three replications. The results were analyzed by using analysis of variance (ANOVA). When ANOVA values were significant, means were compared using Duncan multiple range test at 5% probability level using SPSS version 15.0.
Results
Screening test for laccase and cellulase enzyme
Among the 155 fungal isolates screened for laccase activity, using guaiacol as an indicator, only one (JP-1) was found positive. The cellulolytic activity of the fungal isolate JP-1 was also screened to find its applicability for biopulping. The qualitative assay showed no positive result for cellulase enzyme as it did not produce any clear zone in carboxymethyl cellulose (CMC) media.
Laccase enzyme activity
The enzyme activity of the laccase positive isolate was found to be the highest at 216 h without the use of any inducer. By using copper as inducer, laccase production was efficiently increased by ~ 53-63% and the highest production was recorded at 144 h (Fig. 1) .
Identification and phylogenetic analysis of the isolate JP-1
The isolate JP-1 was identified on the basis of their macroscopic and microscopic features. The growth of the isolate was typically rapid at 28 °C in malt extract media and colonies formed were usually white. Microscopically, the mycelium was found in aggregated hyphal bundles. The hyphal system was monolithic and non-agglutinated. Generative hyphae were yellowish with a diameter of 7.2 µm and freely branching with a slightly thickened wall and septate. The isolate produced a somewhat unusual hyphal element known as setal hyphae with a size of 20 µm × 10 µm. Sclerotia were globus to oval, olivaceous brown with a size of 35 × 29.45 µm (Fig. 2) . This type of structure of hyphae was similar to known species of Inonotus sp (Sharma et al. 2013) . Therefore, it was designated as Inonotus sp.
The result of BLAST analysis of the partial internal transcribed spacer (ITS) region revealed that the isolate was I. pachyphloeus which showed 99% sequence similarity with ITS1 and ITS2 of I. pachyphloeus strain CBS 193.37. The sequence was registered in the NCBI GenBank Data Library under the accession number KM030575. The evolutionary history was inferred using Neighbor-Joining method. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) is shown next to the branches. The evolutionary distances were computed using the Tamura Nei-parameter method (Tamura and Nei 1993) and were in the units of the number of base substitutions per site. The evolutionary relations of the strain among the genus of Inonotus are shown in the phylogenetic tree (Fig. 3) .
Identification of bamboo species
The studied bamboo species was characterized by certain special features like erect culms with 800 cm long and 55 cm in diameter and had aerial roots from nodes. Culms internodes were terete with a small lumen of 40 cm long. Culmsheaths blades were triangular and 22 cm long. Leaf-blades were lanceolate with 20 cm long and 22 cm wide and leaf blade base had a brief petiole like connection to the sheath and petioles of 0.42 cm long. From the above characteristic, species was identified as B. nutans (Clayton and Renvoize 1986) .
Lignin and cellulose content
When microbial broth containing mycelia (40 mg/100 ml) was applied on B. nutans for 15, 30 and 45 days, degradation of 33.94, 45.80 and 49.36% of lignin was recorded respectively, as compared to control (Table 1 ). Cellulose content reduced significantly which was 1.3, 2.24 and 11.64% at 15, 30 and 45 days of treatment compared to control (Table 1) .
Tensile strength
The tensile strength of microbial treated bamboo samples was reduced significantly with the increment of treatment time. Lowest tensile strength value of 119.26 ± 2.23 N mm −2 was recorded at 45 days of treatment (Fig. 4) .
Fourier transform infrared spectroscopy study
Fourier transform infrared spectroscopy (FTIR) spectra of treated and control bamboo samples showed a broad and intense absorption band centering at ~ 3400 cm −1 . The band at ~ 2905 cm −1 for control sample was obtained, which shifted to ~ 2896 cm −1 for the treated bamboo sample with slight decrease in intensity. Band at ~ 1630 cm 
X-ray diffraction chromatography
The X-ray diffraction pattern showed two peaks characteristics of 101 and 002 planes at 2θ around 15.4° and 22.2° for control, 15 days, 30 days and 45 days treatment respectively (Fig. 6a) . The corresponding crystallinity index (CI) was calculated and found to be 56.25 ± 0.83, 59.41% ± 0.63, 59.82% ± 0.91 and 56.39 ± 0.73% for control, 15, 30 and 45 days treated samples respectively (Fig. 6b) . 
Scanning electron microscopic study
Scanning electron micrographs of the bamboo sample treated for 15 days with the microbial preparation of JP-1 were observed to be covered with fungal spores that occupied cell cavities. Some fungal hyphae were also scattered over the surface (Fig. 7a) . Samples treated for 30 days distinctly showed an irregular breakage of the cells and cell walls on the surface (Fig. 7b) . After 45 days of treatment, severe breakage of the cell and cell walls with the irregular formation of cell mass having no definite shape and size were observed. Fiber and fibrils were not prominently visible on the surface. Some dark components were also visible over the surface (Fig. 6c) . Scanning electron micrographs of the untreated bamboo samples (Fig. 6d) showed a regular cell structure without any breakage in cell and cell wall components.
Discussion
The main purpose of the screening was to select fungi with characteristics of producing laccase enzyme. The formation of reddish-brown colour occurs due to oxidation of guaiacol which gives confirmation of the presence of laccase and easy identification of laccase producing fungi (Sheikhi et al. 2012) . Sharma et al. (2017) confirmed the presence of laccase in Asparagus flavus using guaiacol as the screening agent. It was reported long before that in the active center of laccase, copper is present, which is crucial for the synthesis of catalytically active laccase protein. Kumar et al. (2011) reported that 1 mM of copper sulphate increases laccase production in Fusarium solani (80%) followed by Pleurotus ostreatus (60%) and Agaricus bisporus (54%). Shankar and Shikha (2012) also reported that the addition of 1 mM copper sulfate in laccase media can increase laccase enzyme activity compared to control. Laccases, among other applications, reported to improve papermaking properties (Yadav and Yadav 2015) by reducing the recalcitrant structure of lignocellulose in a sustainable and environmentally friendly manner compared to traditional physio-chemical technologies (Moreno et al. 2015) .
Biological pretreatment of raw materials can be an alternative approach only if the fungal treatment selectively decomposes the network of lignin with a minimum loss of polysaccharides. Liew et al. (2011) had reported that T. versicolor strain has the ability to reduce lignin content from 1.02 to 26.9% at 10-60 days period without significantly producing cellulase enzyme. In another study by Su et al. (2018) reported 36.73% loss of lignin of corn stover after pretreatment with Myrothecium sp. In present study, I. pachyphloeus JP-1 has recorded 34-49% of lignin degradation at 15-45 days interval with negligible reduction of cellulose content up to 30 days of treatment, indicating that this fungal isolate has the potential for application in delignification (if pretreated bamboo samples up to 30 days) which was not reported before. After 45 days of treatment along with lignin, cellulose content was also significantly reduced which may be due to the action of various cellulolytic microbes acting on treated bamboo samples while kept in the open environmental condition for a longer time. Lignin has a critical effect on the mechanical properties of cellular constituents, hence reduction in the tensile strength of plant biomass is an indication of delignification. In the present study, significantly lower tensile strength was recorded which may be due to degradation of lignin in the treated samples. Zhang et al. (2013) also reported that the amount of lignin has a direct effect on the tensile properties of the single wood fiber.
Further, FTIR analysis of treated and control samples revealed compositional changes in the structure. Both treated and control samples showed a broad and intense absorption band centering at ~ 3400 cm −1 due to the hydrogen bonded O-H stretching vibration from the cellulose (Saikia et al. 2015) . The band at ~ 2905 cm −1 for control sample may be attributed to aliphatic saturated C-H stretching vibration of cellulose and hemicelluloses which was shifted to ~ 2896 cm −1 for treated samples with diminishing intensity. This decrease in intensity with change in position may be due to the removal of aliphatic -C-C-or -C-H bond during the fungal treatment by side chain reaction. The band at ~ 1630 cm −1 in control sample may indicate the presence of lignin and assign to the C=C vibration as well as bending mode of the absorbed water along with carboxylate group (Yang et al. 2014) . But in case of treated samples, this band was predominantly due to the contribution of bending -OH group only. The band at ~ 1453 cm −1 was assigned for aromatic skeletal vibrations coupled with -CH 3 in-plane deformations for both treated and control samples. The band at ~ 1372 cm −1 was assigned to aliphatic C-H stretching of CH 3 and phenolic -OH. The decrease of the relative intensity of these two bands after fungal treatment clearly indicates partial removal of the side chain and phenolic -OH of lignin after treatment with I. pachyphloeus. The bands in the region ~ 1056-1250 cm −1 represents the C-O stretching vibrations of aliphatic primary and secondary alcohols in cellulose, hemicelluloses, and lignin (Atik et al. 2006) . The intensity of the band at ~ 1250 cm −1 is sharply weakened during treatment due to the removal of hemicelluloses material. Moreover, the increase in the intensity of the peak at ~ 898 cm −1 owing to the β-glycosidic linkage of glucose ring of cellulose indicates the typical structure of cellulose which is further substantiated by XRD study (Dutta et al. 2016) .
The presence of two peaks at 2θ around 15.4° and 22.2° in the X-ray diffraction pattern confirms the cellulose present in the pulp are cellulose I crystalline phase of pulp. Upon treatment, the crystallinity index value increased which may be attributed to the removal of hemicelluloses and lignin portion of bamboo as a result of the oxidation of lignin and hexenuronic acid by laccase enzyme complex of I. pachyphloeus. During the removal of lignin and hemicellulose, cellulose chain breakage may occur at the amorphous region first. The amorphous portions are vulnerable to chemical or enzyme penetration and degrade before the crystalline region. A laccase enzyme system has been reported to affect the composition of flax pulp by removing substances adhered to cellulose, decreasing hemicelluloses and lignin pseudo-components, resulting in an increased proportion of crystalline cellulose (Woldesenbet et al. 2012; Dutta et al. 2016) . A lower value of crystallinity index was mainly due to the significant reduction in the cellulose content in the bamboo pulp after 45 days of treatment.
Scanning electron microscopy (SEM) study of sections obtained from biodegraded bamboo samples provided significant information on the extent and pattern of degradation of various tissues, especially the fiber cell walls that are rich in lignin. After 15 days of treatment, due to the Fig. 7 a SEM lignolytic activity of the fungus, there may be loosening of the lignin-cellulose bond of the cell through which fungus quickly penetrated and formed multiple hyphae on the surface. Su et al. (2018) also reported similar observations. At 30-and 45-day of treatment, disruption of cell wall was observed which may be due to action of different airborne cellulolytic microbes. Nazarpour et al. (2013) also reported a partially broken face when rubberwood was treated with fungus Ceriporiopsis subvermispora for a period of 30, 60 and 90 days. In another study by Nawong et al. (2018) also reported irregular crashes, surface erosion and holes in rubber gloves when treated with Rhodococcus spp. for 30 days.
From this study, it was observed that I. pachyphloeus JP-1 has the ability to significantly degrade lignin-cellulose bond, loosen the structure of bamboo, reduce the tensile strength and lignin content without affecting cellulose and other constituents. Among all, 30 days of pretreatment was significant where the highest degradation of lignin with the lowest loss of cellulose content was observed.
Conclusion
Lignin degradation capacity of many white rot fungi was reported before. But this is the first report regarding the ability of I. pachyphloeus for degradation of lignocellulosic raw material of paper and pulp industry. From the study, it can be concluded that I. pachyphloeus has a great potential for pretreatment of raw materials of paper and pulp industry which is important for both health and sustainable environment. Further investigation for the successful application of isolate I. pachyphloeus for biopulping is in progress.
